A low operating electric field has been achieved on silicon nanowires grown on carbon cloth. The silicon nanowires were grown on carbon cloth via the vapor-liquid-solid reaction using silane gas as the silicon source and gold as catalyst from the decomposition of hydrogen gold tetrachloride. An emission current density of 1 mA/ cm 2 was obtained at an operating electric field of 0.7 V / m. Such low field is resulted from a high field enhancement factor of 6.1ϫ 10 4 due to the combined effects of the high intrinsic aspect ratio of silicon nanowires and the woven geometry of carbon cloth. Such results may lead silicon nanowire field emitters to practical applications in vacuum microelectronic devices including microwave devices.
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Due to the enhanced aspect ratio, it is believed that onedimensional structures such as nanotubes and nanowires are ideally suited for the next generation of large area field emission flat panel displays ͑FEDs͒ [1] [2] [3] [4] [5] [6] and other vacuum microelectronic devices, such as microwave devices, 7 x-ray sources, 8 and highly efficient lamps. 9 Among them, silicon ͑Si͒ nanowires are of particular interest because of their wellunderstood electronic properties, easy to be doped, and the fact that Si-based field emission devices have the possibility of integration into various monolithic circuits. [10] [11] [12] Field emission from Si nanowires, 13 aligned Si nanowires, 12 boron-doped Si nanochains, 14 Si nanotubes, 15 and tetrapodlike Si nanowires 16 has been exploited. Among the reported field emission results on Si-related nanostructures, the lowest electric field of 3 -4 V / m is required to obtain an emission current density of 1 mA/ cm 2 .
12,13
In order to achieve lower electric field, we used carbon cloth as substrate on which Si nanowires were grown based on the superior field emission properties observed on carbon nanotubes and ZnO nanowires grown on carbon cloth. [17] [18] [19] In this letter, we report field emission from Si nanowires grown on carbon cloth. With these Si nanowire field emitters, an emission current density of 1 mA/ cm 2 was achieved at an electric field as low as 0.7 V / m. This significantly improved field emission property can be explained by the special geometry arrangement of Si nanowires grown on carbon cloth. The field enhancement factor, which is defined as the ratio of the local electric field at the tip of a nanowire to the macroscopic electric field, is about 6.1ϫ 10 4 calculated from the slope of the Fowler-Nordheim plot. Carbon cloth, which is a textilelike material consisting of long carbon fibers ͑each about 10 m in diameter͒ oriented in at least two directions, significantly contributes to the high field enhancement factor. 20 The growth of Si nanowires on carbon fibers follows the vapor-liquid-solid mechanism. 21 Two types of Si nanowires ͑samples A and B͒ were grown on carbon cloth. For both types, carbon cloth was first soaked into an alcohol solution of hydrogen gold tetrachloride ͑HAuCl 4 ·3H 2 O, Aldrich͒ for 10 min with different concentrations ͑for sample A, 34 mg HAuCl 4 ·3H 2 O was dissolved in 10 ml alcohol; for sample B, 3.4 mg HAuCl 4 ·3H 2 O was dissolved in 10 ml alcohol͒. After soaking, the carbon cloth was taken out of the solution and dried naturally in air. The dried carbon cloth was put into a tube furnace and heated to 480°C in Ar ͑100 SCCM͒ and H 2 ͑40 SCCM͒ ͑SCCM denotes cubic centimeter per minute at STP͒ within 20 min in which process Au nanoparticles were formed from the decomposition of HAuCl 4 ·3H 2 O. ͑To check the Au particle areal density, size, and distribution, we independently annealed the dried carbon cloth with different Au concentrations. For high concentration used to make sample A, the Au particle areal density is 3-4/m 2 with 50%-60% of them in the range of 70-100 nm, 30%-40% in the range of 100-200 nm, and less than 5% larger than 200 nm; for low concentration used to make sample B, the Au particle areal density is 0.5-1 / m 2 with 80%-90% of them in the range of 50-100 nm, 10%-20% in the range of 100-200 nm, and none larger than 200 nm͒. This was followed by additionally introducing helium-diluted silane ͑SiH 4 ͒ gas ͑10% SiH 4 ͒ of 20 SCCM. The growth of Si nanowires was continued for about 30 min. Morphology and structural characterizations of Si nanowires grown on carbon cloth were performed using a scanning electron microscope ͑SEM͒ ͑JEOL-6340F͒ and a high-resolution transmission electron microscope ͑HRTEM͒ ͑JEOL-2010F͒.
Figures 1͑a͒-1͑c͒ show the morphology of the high density Si nanowires grown on carbon cloth ͑sample A͒ at low ͑a͒, medium ͑b͒, and high ͑c͒ magnifications. The nanowires are of about 10-20 m in length, as shown in Fig. 1͑b͒ and of about 50 nm in diameter, as shown in Fig. 1͑c͒ . Figure  2͑a͒ shows the morphology of the low density Si nanowires grown on carbon cloth ͑sample B͒. The low density is beneficial to the field enhancement factor because it reduces the screening effect observed in the high density nanotubes and nanowires grown on carbon cloth. Among all the Si nanowires, more than 80% of them are twinned just like what is shown in Fig. 3͑a͒ . Figure 3͑b͒ shows the HRTEM image of the nanowire taken from the surface region. The clear lattice fringes demonstrate that the nanowire is highly crystallized. From the relationship of the growth direction with ͑111͒ and ͑200͒ planes and their angle of 54.6°͓indicated in Fig. 3͑b͔͒ , we derived the Si nanowire growth direction of ͓311͔.
The field emission properties were measured using a simple planar diode configuration. 13 The anode was a molybdenum disk with a diameter of 5 mm, and the gap between the sample surface and the anode was about 3 mm. The vacuum level was kept at about 1 ϫ 10 −6 Torr ͑1 ϫ 10 −4 Pa͒ during the measurements. For as-grown Si nanowires grown on carbon cloth, the field emission current is too small to be measured, since the as-grown Si nanowires are intrinsically not a good conductor for providing enough electrons. To improve the field emission, the Si nanowires were doped by annealing in phosphor environment at 600°C for about 3 h with flowing Ar gas maintaining 1 atm to avoid oxidation during annealing. For each annealing, 100-300 mg phosphor powder was loaded at the closed end of a one-end closed quartz tube ͑inner diameter of 18 mm and outer diameter of 20 mm͒ with the Si nanowire sample suspended right above the phosphor powder. The loaded quartz tube was then pushed into another one-end closed quartz tube ͑inner diameter of 21 mm and outer diameter of 23 mm͒ so that the open end was covered by the closed end of the out quartz tube. The whole assembly was placed at the 600°C zone of a tube furnace. After annealing at 600°C for 3 h, it is naturally cooled down to 70°C, and the sample was taken out. Unfortunately at this time, we do not have the electrical conductivity of a single Si nanowire measured before and after the annealing in phosphor, which requires lithography patterning for electrodes and four-probe transport measurements. Therefore, we do not know the exact electrical conductivity and doping concentration. A relationship of field emission property and electrical conductivity is interesting and is being studied now.
After a few initiating cycles of applying voltage across the gap, the emission seemed to reach a stable stage. The measured current density as a function of the macroscopic electric field is shown in Fig. 4 . A turn-on electric field of 0.3 V / m was obtained at an emission current density of 0.01 mA/ cm 2 for low site density ͑sample B͒, but 0.5 V / m for the high density ͑sample A͒. An emission current density of 1 mA/ cm 2 was obtained at 0.7 and 1.1 V / m for samples B and A, respectively, which are much less than the value of 3-4 V/m observed on Si nanostructures grown on flat surfaces. ␤F , where the universal constants A = 1.54ϫ 10 −6 A eV/V 2 and B = 6.83ϫ 10 3 eV −3/2 V m −1 , ␤ is the field enhancement factor, F is the electric field strength, and is the work function of the emitter material. Assuming = 3.6 eV for Si, the field enhancement factors calculated from the slope of the FN plots are 6.1ϫ 10 4 for low density Si nanowires ͑sample B͒, but is 2.5ϫ 10 4 for high density ͑sample A͒, which are much higher than those of the Si nanowires grown on planar substrate. 8, 13 The screening effect is clearly demonstrated since the lower density of Si nanowires ͑sample B shown in Fig. 2͒ yields much better field emission properties than the higher density ͑sample A shown in Fig. 1͒ . The results unambiguously point out that a lower density of Si nanowires is absolutely necessary for good field emission performance.
Carbon cloth as substrates for Si nanowires for field emission does have advantages and disadvantages compared with the flat Si substrates. For example, for any devices that do not require uniformity of emission sites, but do require flexibility and high current density, carbon cloth based field emitters are advantageous. However, for high-resolution flat panel display devices, the rough surface of carbon cloth may not be useful. Nevertheless, the excellent field emission properties demonstrated on Si nanowires grown on carbon cloth do show that the intrinsic field emission of Si nanowires is just as good as any other nanomaterial. If aligned Si nanowires with a controllable site density are obtained on flat Si surface, excellent field emission flat panel display devices could be fabricated.
In summary, we have established a low temperature growth procedure to obtain Si nanowires on carbon cloth with a controllable density of Si nanowires. The electric field required to reach 1 mA/ cm 2 is about 0.7 V / m, the lowest value ever reported for Si nanowires. Since Si nanowires can be easily grown on flexible carbon cloth, large area field emission cathodes can be easily fabricated, which can lead to easy fabrication of electron sources with complex geometry.
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